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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
TECKNICAL NOTE D-1335 
A LAEGE-SCALE WIND-TUNNEL INVESTIGATION 
OF A WINGLESS VERTICAL TAKE-OFF 
AND LANDING AIRCRAFT 
By David G .  Koenig and James A .  Brady 
An inves t iga t ion  of a large-scale  wingless v e r t i c a l  take-off and 
landing a i r c r a f t  has been conducted a t  zero s i d e s l i p .  
made a t  f ixed  ground height a r e  presented i n  a previously published r epor t .  
Data from t e s t s  with t h e  wind-tunnel ground plane a r e  presented in t h i s  
r epor t .  
a t  o r  near values  of t r i m  l i f t  of 1500 pounds. Tests on the  ground plane 
system were made a t  t h ree  ground heights  from 1 .2  t o  2.3 duct diameters 
as wel l  as with two v e r t i c a l  pos i t ions  of t he  hor izonta l  t a i l .  
Data from t e s t s  
Most of t h e  t e s t s  were made a t  a i rspeeds of between 0 and 70 knots, 
The e f fec t iveness  of p i t c h  and yaw control ,  though l imi ted  f o r  
hovering, increased r ap id ly  with airspeed.  
roll-yaw coupling w a s  present i n  t h e  r o l l  cont ro l .  
f o r  most of t he  t r a n s i t i o n  airspeeds w a s  improved by r a i s ing  t h e  hor izonta l  
t a i l  about 0.6 of a duct diameter.  Reducing ground height caused increases  
i n  required f l i g h t  a t t i t u d e  and power and augmented unsteady aerodynamic 
loading for l o w  airspeeds as w e l l .  
A considerable amount of 
Longitudinal s t a b i l i t y  
INTRODUCTION 
The wingless a i r c r a f t  has been considered a possible  means of 
combining acceptable e f f i c i ency  i n  high-speed f l i g h t  with adequate perform- 
ance s t a b i l i t y  and cont ro l  c h a r a c t e r i s t i c s  during low-speed o r  hovering 
f l i g h t .  
ences 1 and 2 where a performance theory based on simple momentum-energy 
r e l a t i o n s  i s  used t o  pred ic t  c ru is ing  e f f i c i e n c i e s  t h a t  a r e  comparable 
with winged a i r c r a f t .  
wi th  t h e  object ive of exploring performance, s t a b i l i t y  and cont ro l  char- 
a c t e r i s t i c s  in low-speed f l i g h t  of a "f lying duct" configurat ion.  
a i r c r a f t  i s  designed s o  t h a t  t h e  forward duct i s  maintained i n  a near 
hor izonta l  a t t i t u d e  f o r  a l l  f l i g h t  speeds and t h e  main l i f t i n g  j e t  e f f lux  
i s  def lected,  as required,  by a system of cascaded turning vanes. 
Several  aspects  of t h i s  type of a i r c r a f t  a r e  discussed i n  r e f e r -  
An i n i t i a l  f u l l - s c a l e  a i r c r a f t  w a s  constructed 
The 
An inves t iga t ion  of t h e  aerodynamic c h a r a c t e r i s t i c s  of t h i s  a i r c r a f t  
has been made i n  t h e  Ames 40- by 8 0 - ~ o o t  Wind Tunnel and preliminary 
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r e s u l t s  have been presented i n  reference 3. Additional tests were made 
t o  study t h e  e f f e c t  of t h e  presence of t he  ground as wel l  as t h e  e f f e c t  
of t a i l  height.  The r e s u l t s  of these  t e s t s  which were made on t h e  wind- 
tunnel  ground plane system a r e  presented herein.  Also presented i s  a 
b r i e f  discussion of r e s u l t s  obtained from a l l  t h e  f u l l - s c a l e  wind-tunnel 
t e s t s  on t h e  a i r c r a f t .  
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propel le r  blade chord, i n .  
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drag coef f ic ien t ,  -
%S 
externa l  drag coe f f i c i en t  
l i f t  l i f t  coef f ic ien t ,  -
qaJS 
rolling-moment coe f f i c i en t  about an axis p a r a l l e l  with f r e e  stream, 
r o l l i n g  moment 
gooSd 
p i tch ing  moment 
pitching-moment coef f ic ien t ,  - -  
c&Sd 
yawing moment yawing-moment coef f ic ien t ,  
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power 
power coef f ic ien t ,  -
duct i n t e r n a l  diameter, f t  
drag, l b  
r a t i o  of main exhaust cross-sect ional  area t o  forward duct a r ea ,  S 
ground height as measured t o  t h e  forward duct cen ter  l i n e ,  f t  
l i f t ,  l b  
pi tching moment, f t  -1b unless  otherwise ind ica ted  
t o t a l  engine chart  power, hp 
dynamic pressure,  l b / s q  f t  
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l o c a l  radius,  f t  
duct radius ,  f t  
reference area,  ($d2, f t 2  
j e t  efflux area  ( see  appendix A ) ,  f t2  
area  of entrained a i r  ( see  appendix A ) ,  f t 2  
propel le r  blade thickness ,  i n .  
s t a t i c  t h r u s t ,  lb 
airspeed, knots or f t / s e c  
v e l o c i t y  of main exhaust air, f t / s e c  
v e l o c i t y  i n  duct adjacent t o  t h e  nacel le ,  f t / s e c  
weight r a t e  of f low through forward duct, lb/sec 
dis tance af t  of moment center  p a r a l l e l  t o  duct cen ter  l i n e ,  f t  
dis tance out from plane of symmetry, f t  
dis tance above t h e  extended forward duct cen ter  l i n e ,  f t  
angle of a t t ack  of t h e  a i r c r a f t  
p rope l le r  blade angle for given radius ,  r, deg 
e f f ec t ive  angle between t h e  propulsion j e t  exhaust stream and 
( see  appendix A ) ,  deg f r e e  stream 
r o l l  cont ro l  def lec t ion ,  deg 
e leva tor  def lect ion,  pos i t i ve  with t r a i l i n g  edge down, deg 
rudder def lect ion,  deg 
downwash angle, deg 
propel le r  eff ic iency,  r a t i o  of energy rate imparted t o  t h e  a i r  by 
t h e  propel le r  t o  t h e  engine power 
cascaded vane s e t t i n g  ( see  f i g .  2 ( b ) ) ,  deg 
forward vane s e t t i n g  ( see  f i g .  2 ( b ) ) ,  deg 
A v e l o c i t y  r a t i o ,  2 ( see  appendix A )  
YO 
P f r e e  -stream dens i ty  
aM aL 
aM %-a, 
0 s t a b i l i t y  parameter, - - aa 
entrainment r a t i o ,  - SO cp 
‘j 
Sub s c r i p t  
00 f r e e  stream 
AIRCRAET AND TEST E Q U I m T  
A photograph of t h e  a i r c r a f t  mounted on t h e  ground-plane support 
system i s  presented i n  f i g u r e  l ( a ) .  The a i r c r a f t  mounted i n  t h e  wind 
tunnel  f o r  t he  t e s t s  of reference 3 i s  shown i n  f igu re  l(b). A th ree -  
view sketch of t h e  a i r c r a f t  i s  presented i n  f i g u r e  2 (a )  and d e t a i l s  of 
t h e  turn ing  vane system are shown i n  f i g u r e  2 ( b ) .  The geometry f o r  t h e  
propel le rs  used i n  both t h e  t e s t s  i s  described i n  f igu re  2 ( c ) ;  f o r  addi- 
t i o n a l  d e t a i l s  of t h e  i n t e r n a l  ducting system, as w e l l  as t h e  e leva tors  
and rudder, see reference 3 .  
S l igh t  modifications t o  t h e  a i r c r a f t  were made p r i o r  t o  t h e  t e s t s  
The s t r u c t u r e  surrounding 
The turn ing  vanes and 
on t h e  ground plane system reported herein.  
t h e  forward duct w a s  strengthened and t h e  i n l e t  l i p  w a s  re inforced t o  
minimize de f l ec t ion  of t h e  duct under load. 
turning vane mounts were reinforced and t h e  power absorption capac i ty  of 
t h e  propel le rs  w a s  increased. A s  an ind ica t ion  of t h e  e f f e c t  of t h e  
change i n  propel le r  design, t y p i c a l  duct v e l o c i t y  p r o f i l e s  obtained from 
t h e  tes ts  of reference 3 a r e  presented i n  f igu re  3 together  with ve loc i ty  
p r o f i l e s  measured during t h e  ground plane t e s t s .  
The ground plane system cons i s t s  of support struts with which t h e  
height of t h e  a i r c r a f t  above a f ixed  ground plane could be changed 
readi ly .  The ground plane w a s  i n s t a l l e d  3 f e e t  above the  o r i g i n a l  tunnel  
f l o o r  i n  t h e  wind-tunnel t e s t  sec t ion .  Two-component load c e l l s  were 
mounted a t  each of t h e  three support po in ts .  
presented i n  t h i s  report ,  namely, lift, drag, and pi tching moment, were 
derived from t h e  output of t h e  load c e l l s .  
The longi tudina l  da ta  
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Photographs of t h e  hor izonta l  t a i l  mounted i n  the  low and high 
pos i t ions  a r e  presented i n  f igu res  &(a )  and ( b ) ,  respect ively.  The 
d e t a i l s  of t he  low t a i l  i n s t a l l a t i o n  a re  described i n  reference 3. For 
the  upper posi t ion,  t he  t a i l  had the  same plan form and length as were 
used for t he  low posi t ion,  but  t he  t a i l  w a s  r a i sed  0.62 duct diameters 
above the  o r ig ina l  pos i t ion .  For t h i s  t a i l  pos i t ion  no j e t  de f l ec to r  
w a s  used i n  f r o n t  of t h e  longi tudina l  cont ro l  exhaust j e t .  
TESTS ATE PROCEDURF: 
The s e r i e s  of t e s t s  on the  ground plane system, f o r  which r e s u l t s  
a r e  presented herein,  followed a procedure similar t o  t h a t  used f o r  t he  
t e s t s  of reference 3 .  This procedure w a s  as follows: A t r i m  l i f t  w a s  
chosen which did not exceed t h e  estimated s t r u c t u r a l  l i m i t s  of t h e  a i r -  
c r a f t  ( e i t h e r  1500 or 2000 l b )  . 
s e t t i n g ,  and power s e t t i n g  required t o  maintain t r i m  l i f t ,  zero drag, and 
zero pi tching moment were approximated by experiment. 
obtained with one of these  th ree  parameters as a va r i ab le  while t h e  other  
two were held approximately constant .  
Values of angle of a t tack ,  e leva tor  
Data were then 
Tests  were made a t  t h e  high ground height,  h/d = 2.3, f o r  values of 
t r i m  l i f t  of 1500 and 2000 pounds and t e s t s  were made at ground heights 
of h/d = 1.2 and 1.6 f o r  a t r i m  l i f t  of 1500 pounds. For the  lower 
ground height (h/d = 1 . 2 ) ,  unsteady flow obtained a t  an airspeed of 
20 knots prevented continuous t e s t i n g  near t r i m  conditions f o r  t h i s  a i r -  
speed. Tests  with t h e  hor izonta l  t a i l  i n  the  high pos i t ion  were made at 
h/d = 1.2  and 2 .3  f o r  four  a i rspeed and vane s e t t i n g  combinations. 
Data were obtained at airspeeds between 20 and 60 knots for t e s t s  
a t  conditions near  1500 pounds l i f t  and between 30 and 70 knots f o r  t e s t s  
i n  which attempts were made t o  t r i m  t h e  a i r c r a f t  a t  2000 pounds. 
DATA REDUCTION 
The CL, ($ and C, values presented were computed from t h e  outputs 
No correct ions f o r  wind-tunnel w a l l  e f f e c t s  were 
of strain-gage load c e l l s  located a t  t he  th ree  a i r c r a f t  attachment poin ts  
on the  support s t r u t s .  
made. However, correct ions f o r  apparent wind-stream misalinement with 
t h e  tunnel  w a l l s  due t o  t h e  presence of t h e  ground plane system were 
applied as fol lows.  
corresponding values of ground height,  h/d, an angle-of -a t tack change, 
h, w a s  chosen. 
L h  were as fol lows.  
From i n i t i a l  d i r e c t i o n a l  rake measurements f o r  
For the  ground heights  invest igated,  these values of 
h/d La, deg 
1.2 2 - 5  
1.6 2.6 
2.3 2 .8 
The r e su l t i ng  corrected values of angle of a t t ack  and drag coef f ic ien t  
a r e  then:  
where Q (corresponding t o  CD,, t he  drag coef f ic ien t  measured in  
d i r ec t ion  p a r a l l e l  t o  t h e  w a l l s )  was t h e  angle of a t t ack  with respect  t o  
the  tunnel  w a l l s .  It should be mentioned tha t  a comparison of power-off 
da ta  taken from t h e  ground plane t e s t s  with t h a t  presented i n  reference 3 
seems t o  subs tan t ia te  t he  above values of Ax. 
The following a r e  t h e  estimated e r ro r s  of measurement of both the  
t e s t  var iab les  and measured values of forces  and moments as based on the  
l e a s t  count of the  respect ive readout systems: 
a +o .2 q f0.02 f t  l b  
L i f t  tl0 l b  
Drag t10 l b  
0 
+i/4' 
Pitching moment +80 f t  l b  P 55 hP 
The values of power l i s t e d  were obtained from the  engine performance 
char t s  of t h e  manufacturer as were those f o r  t h e  t e s t s  of reference 3. 
Based on pas t  experience t h e  values of char t  powers a re  believed t o  be 
within 5 percent of t h e  a c t u a l  engine output .  
FBSULTS AND DISCUSSION 
Basic Aerodynamic Charac te r i s t ics  
Data from t e s t s  on t h e  ground plane system a r e  presented i n  
f igu res  5 through 10. Most of t h e  power-on force  and moment da ta  a r e  
presented i n  f igu res  5 through 8 f o r  t h e  a i r c r a f t  with low t a i l  height,  
and i n  f igu re  9 f o r  the  high t a i l  height .  
a r e  presented i n  f igu re  10. 
Data from t h e  power-off t e s t s  
Values of angle of a t tack ,  e leva tor  s e t t i n g ,  and power required t o  
t r i m  a t  both 1500 and 2000 pounds a re  l i s t e d  i n  t a b l e  11. 
were derived from da ta  obtained during the  t e s t s  by a method similar t o  
the  one used i n  reference 3 .  It should be mentioned t h a t  t h e  da ta  
The values 
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cont ro l  should be augmented by e i t h e r  d i f f e r e n t i a l l y  def lec ted  e leva tors  
or roll vanes ex te rna l ly  mounted on t h e  forward duct .  
obtained on t h e  ground plane system at  va r i ab le  power or longi tudina l  
cont ro l  de f l ec t ion  a r e  not  presented s ince t h e  r a t e  of change of t h e  
aerodynamic coe f f i c i en t s  with power and cont ro l  s e t t i n g  w a s  approximately 
the  same as t h a t  measured i n  the  t e s t s  of reference 3 .  
Some of t h e  da t a  presented i n  t a b l e  I1 a re  p lo t t ed  i n  f igu re  11 as 
a funct ion of ground height .  
Control Effect iveness  
The measured values of cont ro l  e f fec t iveness  a r e  presented i n  
t a b l e  I11 f o r  severa l  of t h e  t e s t  condi t ions.  
Longitudinal and d i r e c t i o n a l  cont ro l . -  It w a s  found, as expected, t h a t  
a t  moderate t o  high airspeed t h e  longi tudina l  and d i r e c t i o n a l  cont ro l  
performed wel l  as conventional e leva tor  and rudder. However, as airspeed 
i s  reduced the  values of 
as might be expected i f  t h e  port ion of t h e  cont ro l  moment due t o  j e t  
react ion were assumed adequate. 
( j e t  r eac t ion ) ,  ca lcu la t ions  of an idea l ized  cont ro l  system based on 
simple momentum energy considerations gave values of dM/dSe of about 
10 times t h e  measured values .  It i s  believed t h a t  t h e  major f a c t o r  
contr ibut ing t o  the  l a rge  discrepancy between t h e  calculated and measured 
cont ro l  e f fec t iveness  w a s  inadequate turning a t  t h e  cont ro l  j e t  e x i t ;  a 
system using cascaded vanes would be more e f f ec t ive .  
dC&, and dCn/dsy d id  not increase as much 
For t h e  longi tudina l  cont ro l  i n  hovering 
! Longitudinal S t a b i l i t y  
I A s  a convenience t o  t h e  reader,  t h e  quas i - s t a t i c  t r a n s i t i o n  procedures 
presented i n  reference 3 a r e  repeated i n  f igu re  12 toge ther  with an addi- 
t i o n a l  procedure f o r  constant angle of a t t ack .  A s  shown i n  f igu re  l 2 ( b ) ,  
i f  t he  parameter dM/da were used as a measure of s t a t i c  s t a b i l i t y ,  t he  
I a i r c r a f t  would be s l i g h t l y  unstable  during t r a n s i t i o n  no. 1 t o  an airspeed 
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of about 47 knots, then would become increasingly s t ab le  f o r  increasing 
airspeeds above t h i s  po in t .  This i s  a l s o  approximately the  case i f  
a c $ J a C ~  
A c r i t e r i o n  f o r  s t a t i c  s t a b i l i t y  which i s  probably more appl icable  t o  
low-speed f l i g h t  conditions i s  presented i n  reference 4; as wr i t t en  i n  
dimensional form it i s  
were used as a parameter as shown by t h e  t r i m  da ta  of reference 3 .  
Defining : 
values  of CT were estimated f o r  t h e  subject  a i r c r a f t  f o r  t r a n s i t i o n  no. 1 
and t h e  resu l t s  a re  presented i n  f igu re  13 toge ther  with t h e  corresponding 
v a r i a t i o n  of a M / a a .  Therefore, i f  t h e  s t a b i l i t y  c r i t e r i o n  IS < 0 i s  
va l id ,  t h e  a i r c r a f t  would be e i t h e r  s t ab le  or n e u t r a l l y  s t ab le  throughout 
most of t h e  speed range. 
Ef fec t  of hor izonta l  t a i l  pos i t i on  on s t a b i l i t y . -  Downwash 
measurements obtained during t h e  tes ts  of reference 3 a r e  presented i n  
figure 14 .  The da ta  show t h a t  des t ab i l i z ing  va r i a t ions  of E with a are 
more severe f o r  t h e  lower and in-board loca t ions  (z/d = 0.24; y/d = 0.44), 
which are comparable t o  t h e  lower t a i l  pos i t i on .  
A s  an attempt t o  improve s t a t i c  s t a b i l i t y  f o r  t h e  a i r c r a f t ,  t e s t s  
were made with hor izonta l  t a i l  r a i sed  t o  y/d = 0.81 f o r  which t h e  basic  
da ta  were presented i n  f igu re  9 .  Values of CT could not be computed 
from t h e  ava i lab le  t e s t  da ta  obtained f o r  t h e  higher t a i l  posi t ion;  how- 
ever, it i s  bel ieved t h a t  
Values of 
ind ica ted  f o r  t h e  range of a i rspeeds inves t iga ted ,  t h a t  a l a rge  improve- 
ment i n  s t a b i l i t y  occurred when t h e  hor izonta l  t a i l  w a s  r a i sed .  
a M / a a  may be used f o r  comparison purposes. 
aM/aa a re ,  therefore ,  presented i n  f i g u r e  15 where it i s  
Effec ts  of Ground Height 
The da ta  of f igu re  l l ( a )  f o r  t h e  low t a i l  pos i t i on  show t h a t  t h e  
e f f e c t  of ground height w a s  most apparent as e i t h e r  t h e  lower o r  higher 
speeds (20 and 60 knots) were approached. 
height from 
percent and increased angle of a t t ack  required f o r  t r i m  from 4.3O t o  11.5'. 
A s  has been mentioned, during t h e  t e s t s  a t  t hese  speeds of from 20 t o  30 
knots f o r  t h e  lower ground he ights ,  t h e  a i r c r a f t  w a s  undergoing extreme 
For 20 knots, reducing ground 
h/d = 2.3 t o  1 . 6  increased t h e  required power by about 12 
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o s c i l l a t i o n s  i n  loading. It is believed t h a t  these  o s c i l l a t i o n s  were 
caused by random rec i r cu la t ion  of t h e  exhaust e f f lux  through t h e  forward 
duct i n l e t .  Although no hovering t e s t s  were made a t  t he  lower ground 
heights  f o r  v e r i f i c a t i o n ,  it seems l i k e l y  t h a t  r ec i r cu la t ion  would increase 
as t h e  airspeed i s  reduced t o  zero and a i r c r a f t  load o s c i l l a t i o n s  might 
occur which would be d i f f i c u l t  t o  cont ro l .  
For t h e  higher a i rspeeds and low t a i l  height,  reducing ground height 
(except f o r  30 knots between 
required power somewhat so  t h a t  a t  60 knots, reducing ground height from 
2.3 t o  1 .2  r e su l t ed  i n  20 percent l e s s  required power. 
h/d = 2.3 and h/d = 1 . 6 )  tended t o  reduce 
Hovering 
The va r i a t ions  of s t a t i c  t h r u s t  and hovering f igu re  of merit a r e  
presented i n  f i g u r e  16 f o r  The da ta  were obtained 
from the  t e s t s  described i n  reference 3. The f igu re  of merit  w a s  calcu- 
l a t e d  with an e x i t  a rea  t o  f a n  a rea  r a t i o  of 1.54. The hovering da ta  
measured i n  t h e  wind tunnel  have not been shown t o  be close t o  f r e e  a i r  
values;  however, t he  low values of f i gu re  of merit from 0.3 t o  0 .4  which 
ex is ted  f o r  t h e  t h r u s t  range inves t iga ted  ind ica te  t h a t  considerable 
improvements could probably be made with refinement i n  both propel le r  
design and turning vane i n s t a l l a t i o n .  
0 = 70' and a = 20'. 
Forward F l igh t  Performance 
Reference 2 describes a theory used as a basis f o r  deriving the  
e f f i c i ency  of a simple l i f t i n g  duct i n  forward f l i g h t .  A b r i e f  summary 
of t h i s  theory i s  presented i n  appendix A and calculated values of L/D 
and j e t  de f l ec t ion  angle, y ,  a r e  presented i n  f igu re  17 f o r  severa l  values 
of t he  p a r a s i t e  drag coef f ic ien t ,  CD,, and the  entrainment r a t i o ,  cp. 
A s  a means of comparing t h e  performance of t h e  t e s t  a i r c r a f t  with t h e  
theory represent ing performance of a simple l i f t i n g  duct,  r e s u l t s  f o r  
V, = 60 knots, O F  = 31°, a = Oo, and 0 = 33' a r e  a l s o  p lo t t ed  i n  f igu re  17 
with the  t h e o r e t i c a l  da ta .  The value of L/D w a s  ca lcu la ted  from the  
r e s u l t s  reported i n  reference 3 with t h e  use of t a i l - o f f  da ta  as follows: 
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The value of 
propel le r .  The experimental value of CL presented w a s  based on an 
area  which w a s  17 percent l a rge r  than t h e  reference area,  S, i n  order t o  
approximate a value of S j  f o r  t h e  t e s t  a i r c r a f t .  
t he  t e s t  point on the  t h e o r e t i c a l  curves of f igu re  l 7 (a )  demonstrates an 
equivalent value of cp f o r  t he  a i r c r a f t  t o  be between 0 and 1. With 
i n  the  the  placement of t h e  t e s t  point  on f igu re  l7(b) a value of 
order of 0.2 i s  indicated.  The comparison fu r the r  demonstrates t h a t  i f  
t he  r e l a t i v e l y  high value of ex terna l  drag were reduced, small j e t  
def lec t ion  angles would have t o  be used t o  achieve high L/D. 
V p  w a s  estimated from rake measurements behind the  forward 
Within t h e  estimated accuracy of t he  t e s t  r e s u l t s  the  placement of 
cDO 
CONCLUSIONS 
From the  r e s u l t s  of t h e  invest igat ion,  t h e  following conclusions 
were made concerning t h e  control ,  s t a b i l i t y ,  and performance of t he  
subject  a i r c r a f t .  
1. Pi tch  and yaw cont ro l  e f fec t iveness  f o r  hovering f l i g h t  w a s  low 
probably because of poor cont ro l  j e t  turning ef f ic iency .  
speed i s  a t ta ined ,  t he  conventional e leva tor  and rudder become e f f ec t ive  
as longi tudina l  and d i r ec t iona l  cont ro ls .  
by a la rge  amount of roll-yaw coupling and appears marginal f o r  hovering 
and inadequate f o r  forward f l i g h t .  
A s  forward 
Roll  cont ro l  i s  complicated 
2. Trans i t ion  from hovering t o  forward f l i g h t  appears possible  with 
a number of d i f f e r e n t  a i rspeed and a t t i t u d e  combinations. 
3.  
w a s  ra i sed .  
S t a t i c  longi tudina l  s t a b i l i t y  w a s  improved when t h e  t a i l  pos i t ion  
4. For low-speed f l i g h t ,  reductions of ground height from 2.3 t o  1.2 
duct diameters increased t h e  f l i g h t  a t t i t u d e s  and power required f o r  t r i m  
and augmented unsteady aerodynamic loading. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett F ie ld ,  Calif ., May 14, 1962 
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APPETDIX A 
'IW3ORF1TICAL P E R F O W C E  OF A PROPULSION DUCT I N  FORWARD FLIGHT 
Fundamentals of t h e  theory of references 1 and 2 may be summarized 
as follows. 
I n  t h e  case where t h e  a i r  flow through a l i f t i n g  duct i s  expelled 
a t  uniform ve loc i ty ,  V j ,  and area,  Sj,  t h e  j e t  en t r a ins  a mass of a i r  
moving a t  ve loc i ty  
following sketch: 
Vo = V, with cross-sect ion area,  So, as shown i n  t h e  
I 
\ I  
I I S u m t i o n s  of t h e  lift and hor izonta l  forces ,  L and X, respect ively,  a r e :  
and t h e  r a t e  of change of k i n e t i c  energy i n  t h e  propulsive j e t  i s :  
p = -  "j ( V j 2  - vo2) 
2 
where mj and mo 
t h e  entrained stream, respec t ive ly .  When t h e  following de f in i t i ons  a r e  
used : 
a re  t h e  mass r a t e s  of flow of t h e  propulsive stream and 
X cx = - 
QSj 
k ine t i c  energy cp = 
Q V S  j 
C D ~  = paras i t e  drag coe f f i c i en t  
12 
equations (Al), (A2), and (A3) become: 
CL = 2 sin ?(A2  + c p )  
+ $0 
cx = 2 [ A ( 1  - A cos 7 )  + c p ( 1  - cos y)] 
cp = A(A2 - 1) 
J *  where A = Vj/Vo and cp = So/S 
It may be further shown for the condition of level flight where 
Cx = 0, that: 
By the use of equations (Ak), (A6), and (AT), values of 
be computed as functions of the speed parameter l/fi 
of entrainment ratio cp and parasite drag, ‘Do ‘ 
figures 17(a) and 17(b). 
y and c ~ / C p  may 
for assumed values 
This method was used to obtain the theoretical values presented in 
1. Lippisch, A .  M . :  Performance Calculation of Aerodyne Systems i n  
Cruising F l i g h t .  Collins Radio Company, Cer 617, 1957. 
2 .  Lippisch, A .  M . :  Research i n  t h e  Field of Wingless VTOL A i r c r a f t .  
Collins Radio Company, Ctr-204, 1958. Also, IAS Prepr in t  808, 1958 
3 .  Koenig, David G. ,  and Brady, James A . :  Large-Scale Wind-Tunnel Tests 
of a Wingless V e r t i c a l  Take-Off and Landing Ai rc ra f t  - Preliminary 
Results.  NASA TN D-326, 1960. 
4. Etkin, Bernard: Dynamics of F l i g h t :  S t a b i l i t y  and Control. 
John Wiley and Sons, 1959, p .  216. 
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TABLE I . . GEOMETRIC DATA 
Duct a rea  ( including nace l le ) .  sq f t  . . . . . . . . . . . . . .  44.18 
Duct a rea  (excluding nace l le ) .  sq f t  . . . . . . . . . . . . . .  37.12 
I n t e r n a l  diameter. f t  (average) . . . . . . . . . . . . . . . .  7.50 
Maximum width. f t  . . . . . . . . . . . . . . . . . . . . . . . .  9.17 
Span. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.58 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  3.43 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  0.438 
Incidence of lower surface. deg . . . . . . . . . . . . . . .  0 
Elevator area. sq f t  . . . . . . . . . . . . . . . . . . . . .  59.5 
Rudder area. sq f t  . . . . . . . . . . . . . . . . . . . . . . .  27.0 
Exhaust a rea  ( i n  plane 30' from reference plane). sq f t  . . . .  58.0 
Moment center  (Ciistance from duct L.E.), f t  . . . . . . . . . .  10.83 
Horizontal  t a i l  
Area (extended t o  plane of symmetry). sq f t  . . . . . . . . .  100.6 
Elevator hinge t o  moment center. f t  . . . . . . . . . . . . .  26.83 
Rudder hinge t o  moment center.  f t  . . . . . . . . . . . . . . .  25.26 
Roll-control  area. sq f t  . . . . . . . . . . . . . . . . . . . .  11.55 
Engines. ( t w o )  Lycoming 0.435.17. hp . . . . . . . . . . . . . .  265 
Propel ler  diameter. f t  . . . . . . . . . . . . . . . . . . . . .  7.35 
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A-26150 
(a) The aircraft on the wind -tunnel ground plane system . 
Fi gure 1 .- The aircraft as mounted in the Ames 40 - by 80-Foot Wind Tunnel. 
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---------------- . __ . __ ._-- - - .. _._- -
A-25698 
(b ) The a i rcraft mounted for the tests reported in reference 3 . 
Fi gure 1 .- Concluded . 
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( b )  De ta i l s  of turning vane system and roll vane. 
Figure 2.-  Continued. 
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(a) Aircraft described in reference 3. 
Figure 3.- The variation of velocity between the propellers with 
distance out from the duct center line. 
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( b )  Ai rcraf t  used i n  t h e  t e s t s  on t h e  ground plane. 
Figure 3 . -  Concluded. 
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(a) Lower position z/d 0.19. A-26151 
(b) High position z/d = 0.81 . A-26173 
Figure 4. - The horizontal -tail installation. 
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Figure 12.- Trans i t ion  procedures from hovering t o  l e v e l  forward f l i g h t ;  
data from reference 3; low-horizontal- ta i l  posi t ion.  
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Figure 12.- Concluded. 
43 
- 500 
-400 
-300 
or 
a; 
-230 
f t - l b  
-100 de g 
0 
100 
230 
0 10 x) 30 50 Go 70 
Airspeed, h o t s  
Figure 13.- The va r i a t ion  of longi tudina l  s t a b i l i t y  parameters w i t h  
airspeed f o r  t r a n s i t i o n  no. 1. 
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Figure 14 . -  Variat ion of downwash with angle of a t t ack  a t  severa l  
pos i t ions  i n  the  v i c i n i t y  of t he  hor izonta l  t a i l ,  from t e s t s  
reported i n  reference 3. 
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Figure 15.- The e f f e c t  of horizontal  t a i l  height on t h e  s t a b i l i t y  of 
t h e  a i r c r a f t  as indicated by 
varying t o  maintain t r i m  a t  constant a.  
dM/au; h/d = 2.3; 8 ,  P, and 6, 
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Figure 16.- Variat ion of f igu re  of merit  and s t a t i c  t h r u s t  with 
engine char t  power; l o w  t a i l  posi t ion;  wind-tunnel i n s t a l l a -  
t i o n  of reference 3. 
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(a)  Je t  de f l ec t ion  angle vs.  speed parameter. 
Figure 17.- Forward f l i g h t  performance of t h e  a i r c r a f t ;  f a i r e d  curves 
represent t h e  theory of references 1 and 2; t h e  t e s t  point  w a s  
derived from data  of reference 3 f o r  t h e  a r i c r a f t  with hor izonta l  
t a i l  o f f ;  V, = 60 knots; a= 0 .  
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( b )  L/D vs . speed parameter. 
Figure 17. - Concluded. 
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